We present adaptive-optics assisted near-infrared high-spectral resolution observations of late-type giants in the nuclear star cluster of the Milky Way. The metallicity and elemental abundance measurements of these stars offer us an opportunity to understand the formation and evolution of the nuclear star cluster. In addition, their proximity to the supermassive black hole (∼ 0.5 pc) offers a unique probe of the star formation and chemical enrichment in this extreme environment. We observed two stars identified by medium spectral-resolution observations as potentially having very high metallicities. We use spectral-template fitting with the PHOENIX grid and Bayesian inference to simultaneously constrain the overall metallicity, [M/H], alpha-element abundance [α/Fe], effective temperature, and surface gravity of these stars. We find that one of the stars has very high metallicity ([M/H] > 0.6) and the other is slightly above solar metallicity. Both Galactic center stars have lines from scandium (Sc), vanadium (V), and yttrium (Y) that are much stronger than allowed by the PHOENIX grid. We find, using the spectral synthesis code Spectroscopy Made Easy, that [Sc/Fe] may be an order of magnitude above solar. For comparison, we also observed an empirical calibrator in NGC6791, the highest metallicity cluster known ([M/H] ∼ 0.4). Most lines are well matched between the calibrator and the Galactic center stars, except for Sc, V, and Y, which confirms that their abundances must be anomalously high in these stars. These unusual abundances, which may be a unique signature of nuclear star clusters, offer an opportunity to test models of chemical enrichment in this region.
INTRODUCTION
The metallicity of stars and stellar populations is important for understanding their formation and subsequent evolution. Stellar abundances can also serve as a signature to separate multiple populations of stars formed at different times. The comparison of stellar abundance patterns has been crucial to understanding the chemical enrichment and evolution of the Milky Way (e.g., Chiappini et al. 2001; Travaglio et al. 2004; Romano et al. 2010) . The emergence of large spectroscopic surveys in the past two decades has propelled this field forward with observations from a wide variety of envi-ronments in the Milky Way (e.g. Hayden et al. 2015; Kunder et al. 2017 ). The nuclear star cluster at the center of the Milky Way gives us a unique opportunity to study the formation and evolution of a galactic nucleus. It is the only nucleus where we can obtain resolved spectra of stars lying less than 1 pc from a supermassive black hole, making it possible to study the effects of star formation and dynamical evolution in this environment (e.g. Do et al. 2009; Genzel et al. 2010; Bartko et al. 2010; Pfuhl et al. 2011; Do et al. 2013) .
Recently, using medium-resolution spectroscopy, Do et al. (2015) found that stars in the Galactic center might have even higher metallicities (Fig. 1 , [M/H] > 0.5) than observed in any star clusters or in the inner bulge of the Milky Way (see also, Feldmeier-Krause et al. 2017) . However, these studies employed limited spectral resolution (R ∼ 5000) and were mismatched to the models at high metallicities. The MARCS and PHOENIX spectra grids used by and (FeldmeierKrause et al. 2017 ) do not appear to be able to reproduce the strength of some of the observed lines of stars at the Galactic center in K-band (1.9 to 2.4 µm). This measurement of a large variation in metallicity has the potential to change our interpretation of the star formation history, the origin, and evolution of the nuclear star cluster. However, there are two major issues unresolved by the existing observations and analyses: (1) synthetic spectra have trouble fitting observed spectra of stars at high metallicity in the K-band; (2) there has been an insufficient number of calibration studies done at K-band to improve the models. The metallicity of these stars is likely subject to large systematic uncertainties without accurate calibrations. Individual stellar abundances, which are necessary for comparison with chemical evolution models, are even less certain. Higher spectral resolution measurements are necessary to identify specific lines that are poorly fit. Observations of calibrators with accurate stellar abundance measurements at other wavelengths are necessary to disentangle model uncertainties from actual changes in abundances.
Here we report on observations at high-spectral resolution with adaptive optics of two Galactic center sources and a calibration star in the high-metallicity open cluster NGC6791. We describe the observations of these sources in Section 2. In Section 3, we discuss the methodology used to compare model spectra to the observations, both with a model grid and spectral synthesis. In Section 4, we present our resulting analyses, including identification of unusually strong Sc, V, and Y lines. In Section 5, we discuss some implications of these results and compare them to other spectroscopic observations in the Galactic center region.
OBSERVATIONS & DATA REDUCTION
Observations were made using NIRSPAO, which consists of the NIRSPEC spectrograph behind laser-guide star adaptive optics, on 2016-04-29 and 2016-05-16 UT. We used the echelle mode of NIRSPEC, which results in spectral resolution of R ∼ 25000. In order to capture the relevant wavelength regions, we used the K-band filter with the echelle cross-disperser setting of 63.85/35.8. This setting provided coverage from about 2.075 µm to 2.273 µm (orders 34, 35, 36, & 37) . These orders cover much of this wavelength range, except for some gaps between orders. The laser guide-star was propagated at the center of the field of view for each observation, and for low-order tip-tilt corrections, we used the to the distribution at the Galactic center from Do et al. (2015) (inner 40 or 1 pc). The distribution at the very center of the Galaxy appears to be significantly offset from that of the inner bulge, suggesting a different chemical enrichment history. However, there may be systematic errors for stars at high metallicity because of model mismatch Feldmeier-Krause et al. 2017) . In order to investigate these sources, we obtain high-spectral resolution observations of two of the super-solar metallicity sources in this work. R = 13.7 mag star, USNO 0600-28577051 (17:45:40.720 -29:00:11.20) , which is located ∼ 19 from Sgr A*.
We observed the Galactic center stars NE1-1 001 (K = 10.4 mag) and NE1-1 002 (K = 10.7 mag) (Støstad et al. 2015; Do et al. 2015) ; these stars were targeted because of their unusually high metallicity inferred from spectral-template fitting . These stars are located about 0.5 pc from the black hole, Sgr A*, in projection. We also observed a comparison source in NGC6791, the highest metallicity cluster known, with [M/H] = 0.4 (Carretta et al. 2007 ). The source, J19213390+3750202, also has observations from APOGEE in H-band, which we will use to compare consistency between the models. All observations were made using ABBA nods to remove sky lines from consecutive nods. We observed standard A stars to correct for atmospheric absorption of telluric lines.
The data were reduced using the standard NIRSPEC reduction package, REDSPEC
1 . This package provides spatial rectification using standard stars as well as wavelength solutions from etalon lamp observations. We also used the spectral extraction routine in REDSPEC to obtain the final spectra.
SPECTRAL FITTING METHODOLOGY
We used two methods to fit the observed spectra: spectral template fitting with the PHOENIX grid of synthetic spectra (Husser et al. 2013 ) using the Bayesian inference tool Starkit and spectral synthesis with Spectroscopy Made Easy (SME, Valenti & Piskunov 1996; Piskunov & Valenti 2017) . The PHOENIX grid was used to determine the overall physical parameters such as effective temperature (T ef f ), surface gravity (log g), metallicity ([M/H]), and alphaabundance ([α/Fe]). Here, we define the α-elements as O, Ne, Mg, Si, S, Ar, Ca, and Ti. SME was used to constrain the abundances of individual elements after fixing the global parameters from Starkit. The methods are described below.
Spectral template fitting with the PHOENIX Grid
Spectral template fitting with the PHOENIX grid was performed using the same method described in Støstad et al. (2015) with the software package StarKit. In brief, StarKit is a modular spectral fitting framework using Bayesian inference to determine the best-fit parameters and their uncertainties. StarKit simultaneously fits the physical parameters of stars, the spectral continuum, the radial velocity, and the rotational velocity . The set of physical parameters available for fitting is determined by the parameters sampled by the spectral grid. For the PHOENIX grid, the parameters are T ef f , log g, [M/H], and [α/Fe]. We chose to use the PHOENIX grid for this work compared to the MARCS grid (Gustafsson et al. 2008) in Støstad et al. (2015) because the PHOENIX grid samples [α/Fe] and has a more accurate treatment of the depth and shapes of spectral features. We use a linear interpolator to interpolate between the synthetic spectral grid points. We then convolve the spectral resolution of the grid to R = 25000 in order to match the instrumental resolution.
Statistically, the fit is done by computing the posterior distribution in Bayes' Theorem :
where D is the observed spectrum, and the model
where v z is the radial velocity and v rot is the rotational velocity. The priors on the model parameters are P (θ) and P (D) is the evidence, which acts as the normalization. The combined likelihood for an observed spectrum is:
where F λ,obs is the observed spectrum, F λ (θ) is the model spectrum evaluated with a given set of model parameters, and λ,obs is the 1 σ uncertainty for each observed flux point. This likelihood assumes that the uncertainty for each flux point is approximately Gaussian. For computational efficiency, we use the log-likelihood in place of the likelihood:
We use flat priors in all the fitting parameters and sample the posterior using MultiNest, a nested sampling implementation (Feroz et al. 2009 ). We fix the value of log g to 1.0 for all fits based on allowed log g values for their luminosity and temperature in the Parsec isochrones (Bressan et al. 2012) . Fixing the surface gravity is useful because log g is not well constrained using the K-band spectra alone (Støstad et al. 2015; Feldmeier-Krause et al. 2017) . We use the peak posterior value to be the best fit values and the marginalized 68% central confidence intervals for each fit parameter to be its uncertainty. Based on the tests against empirical references described in Feldmeier-Krause et al. (2017), we include a systematic uncertainty term added in quadrature to the statistical uncertainties of each fit of
Spectral Synthesis
In order to investigate individual abundances, we use Spectroscopy Made Easy (SME, Valenti & Piskunov 1996; Piskunov & Valenti 2017) . This code requires a stellar atmosphere model, a line list, micro-turbulence parameters, and a solar composition to synthesize spectra. By adjusting the relative abundance of an element compared to the bulk composition, one can generate spectra to constrain the effect of elemental abundance changes on spectral features. We used the LTE MARCS12 atmospheric model with 2 km s −1 microturbulence built into SME (Gustafsson et al. 2008) , the atomic and molecular line list from VALD (Ryabchikova et al. 2015) , and the solar composition from Grevesse et al. (2007) . We update the VALD line list for Sc (scandium) using the newer empirical measurements of log gf values and excitation energy from Pehlivan et al. (2015) . This results in a significant change in the strengths of two of the Sc I lines (22030.265 & 22071.255 Angstrom) in the K-band when compared to PHOENIX spectra, which were computed before these measurements.
To examine the effect of a change in abundance of individual elements, we set the SME global parameters T ef f , log g, [M/H], [α/Fe] to be the best fitted values from the StarKit fit. 
PHOENIX Grid Fit
The Starkit fit to the two Galactic center stars show one star with slightly above solar metallicity, one with super-solar metallicities and both stars with about solar [α/Fe] abundance (Table 1) Table 1 summarizes these measurements. The PHOENIX grid has difficulty in matching some of the features in the K-band spectrum, especially at super-solar metallicities (see below).
SME Spectral Synthesis
The strongest mismatch between the model and the data are the Sc lines, so we have concentrated our spectral synthesis with SME to investigate these features. We use the best fit parameters for T ef f , log g, [M/H], and [α/Fe] from Starkit while varying the [Sc/Fe] abundance with SME. For some Sc lines (22030.265 & 22071.255 Angstrom), the spectra generated from SME show much stronger lines than from the PHOENIX model. This is likely due to the updates of the log gf and excitation energy values from Pehlivan et al. (2015) . The PHOENIX grid was generated with a line list from before these measurements were made. Even with the new Sc atomic data, we find that the [Sc/Fe] values for the Galactic center sources need to be increased by over an order of magnitude with respect to solar values, or more, in order to match the observed lines in the Galactic center sources (Fig. 2) .
Empirical comparisons
We use the star J19213390+3750202 in NGC6791, observed in the same way as the Galactic center sources, as an empirical comparison. This source was also observed as a calibrator for ASPCAP, the SDSS APOGEE abundance measurement pipeline (Mészáros et al. 2013 ). The best fit global parameters from ASPCAP are: T ef f = 3802 ± 69 K, log g = 1.33 ± 0.08, [M/H] = 0.3 ± 0.02, and [α/Fe] = 0.14 ± 0.01. We use this star as a qualitative comparison to the Galactic center sources, independent of the spectral model fitting, which appears to have difficulties at high metallicities. J19213390+3750202 in general matches the observed spectra of NE1-1 001 and NE1-1 002 fairly well (Figure 3) . The exceptions are for the Sc, V, and Y lines, which are much stronger in the Galactic center stars, with NE1-1 002 showing the strongest deviation.
5. DISCUSSION
Comparison to other observations
We have confirmed that at least one of the stars identified by Do et al. (2015) as having super-solar metallicity does appear to have high metallicities using highresolution spectroscopy. These new observations have also allowed us to identify the major source of spectral mismatch is likely from Sc, V, and Y (see below).
These observations are also consistent with recent results from the metallicity distribution of the inner bulge. (Ryde et al. 2016; Rich et al. 2017) . These studies show a trend of increasing metallicity toward the Galactic center, but more observations will be necessary to establish whether stars within the nuclear star cluster follows this trend and whether it is distinct in abundances.
Models in K-band at super-solar metallicities
While observations of very metal-poor stars have motivated improvements in the ability of models to reproduce observed spectral features at low metallicities (e.g. McWilliam et al. 1995; Sneden et al. 2003; Cayrel et al. 2004) , there have been few studies of super-solar metallicity stars beyond observations of open clusters such as NGC6791 and globular clusters such as Terzan 5 (Mészáros et al. 2013; Massari et al. 2014) . Our results show that more work will be required to theoretically model higher metallicity stars. Both the PHOENIX grid A comparison between the observed spectra of the two Galactic center sources NE1-1 001 (top, black) and NE1-1 002 (bottom, black) and the SME synthesized spectra. The SME spectra are synthesized with the best-fit parameters determined using Starkit while varying the [Sc/Fe] abundance. We show two examples at [Sc/Fe] =0.0 (blue) and [Sc/Fe] = 1.0 (orange). The Sc abundance seems likely to be substantially above solar. However, uncertainties are difficult to determine at this time due to lack of empirical comparisons at these high abundances. and SME synthetic spectra show mismatches. There was evidence from Do et al. (2015) and Feldmeier-Krause et al. (2017) that this is the case for medium resolution spectra, but we have now confirmed that even at high-spectral resolution, the issues persist.
Since the PHOENIX grid does not go above [M/H] = 1.0, and there are no known empirical calibrators at these metallicities, it is difficult at this time to assess the accuracy of the fit for NE1-1 001 and NE1-1 002. The PHOENIX grid fit to our comparison source, J19213390+3750202 has a [M/H] = 0.18 ± 0.2, which is consistent, though less precise than the SDSS value of [M/H] = 0.3 ± 0.02. The other fitted physical parameters (T ef f & [α/Fe]) for J19213390+3750202 are also consistent with their SDSS ASPCAP values. Future studies will be required of more stars having existing accurate metallicity measurements in order to determine whether there is a systematic offset in the models used here.
Anomalous abundances in Sc, V, and Y
While the lack of accurate models for the stars at high metallicity limits our ability to measure individual stellar abundances at this time, the comparisons to NGC6791 show that the abundances of certain elements are likley elevated in the Galactic center sources. The lines of Sc, V, and Y are especially strong in the Galactic center sources compared to the same lines in our empirical calibrator in NGC6791. The abundance of [Sc/Fe] was measured for several stars in NGC6791 by Peterson & Green (1998) and Carretta et al. (2007) . It ranges from about 0.0 to -0.2 depending on the star and Sc lines. Meanwhile, other metal lines such as Fe, Ti, Na, and Si are slightly stronger for the Galactic center sources compared to J19213390+3750202, but the lines of these elements in the cluster and the Galactic center are much more similar than the lines of Sc, V, and Y. This suggests that the mismatch in Sc, V, and Y is likely due to higher relative values of [Sc/Fe] , or log g. Changes in these bulk physical properties of the star should change both the depth and shape of many lines, not just Sc, V, and Y. The Sc abundance might be a factor of 10 higher in the Galactic center stars than in NGC6791. Earlier observations from Carr et al. (2000) of the star IRS 7 (K = 6.7 mag), a red-super giant at the Galactic center, also found very strong lines of Sc and V compared to sources outside the Galactic center. Carr et al. (2000) suggested that perhaps these stronger lines may be attributed to differences in the atmosphere of IRS 7 rather than from increased abundances in these elements. Our work suggests that these differences are more likely to be from abundance differences as these stars are likely fairly different than IRS 7, being 4 magnitudes fainter in luminosity, and yet showing the same spectral feature anomalies. However, more work will be necessary to derive more accurate estimates of the lines. For example, investigations in non-LTE effects, multi-dimensional radiative transfer, and curve-of-growth effects would be helpful to obtain better measurements.
While [Sc/Fe] , [V/Fe] and [Y/Fe] appear to be significantly enhanced at the Galactic center for the highmetallicity stars, it is unclear what physical mechanisms are responsible for their unusual abundance. Though both Sc and V are iron-peak, Sc is mostly produced by Type II supernovae (SNe) with a small contribution from type Ia SNe, while V is primarily produced by Type Ia SN (Spina et al. 2016; Battistini & Bensby 2015) . Y is primarily an s-process element likely produced in AGB stars (Travaglio et al. 2004) . The fact that these elements are enhanced relative to Fe at high metallicity is also against trends seen elsewhere in the galaxy where the [Sc/Fe] abundances fall with increasing metallicity (Figure 4 ; e.g., Prochaska et al. 2000; Battistini & Bensby 2015) . These unusual properties may indicate that the chemical enrichment history of this region is very different than any other region of the Milky Way (Kobayashi et al. 2006 ). Metallicity and abundance measurements for a larger sample of stars may offer a powerful way to constrain the formation of our nucleus. Anomalous abundances also offer important insights into the yields of high energy transients (Seitenzahl et al. 2011 , such as for the high Mn abundance). Further study will be required both in terms of theoretical modeling of the spectra and empirical comparisons will be necessary to realize this potential. 
